A high precision NMR structure of oxidized glutaredoxin 3 [C65Y] from Escherichia coli has been determined. The conformation of the active site including the disulphide bridge is highly similar to those in glutaredoxins from pig liver and T4 phage. A comparison with the previously determined structure of glutaredoxin 3 [C14S, C65Y] in a complex with glutathione reveals conformational changes between the free and substratebound form which includes the sidechain of the conserved, active site tyrosine residue. In the oxidized form this tyrosine is solvent exposed, while it adopts a less exposed conformation, stabilized by hydrogen bonds, in the mixed disul®de with glutathione. The structures further suggest that the formation of a covalent linkage between glutathione and glutaredoxin 3 is necessary in order to induce these structural changes upon binding of the glutathione peptide. This could explain the observed low af®nity of glutaredoxins for S-blocked glutathione analogues, in spite of the fact that glutaredoxins are highly speci®c reductants of glutathione mixed disul®des.
Introduction
Glutaredoxins (Grxs) are found in most living organisms, viruses, bacteria, plants and animals, where they act as thiol-disul®de oxidoreductases. These enzymes are implicated in vital cellular functions such as the synthesis of ribonucleotides by providing reducing equivalents to ribonucleotide reductase (RR) and regulation of enzymes by speci®c reduction of protein-glutathione mixed disul®des (reviewed by Holmgren et al., 1999) . In Escherichia coli, three different Grxs have been identi®ed (A Ê slund et al., 1994 VlamisGardikas et al., 1997) . Grx1 and Grx3 are 9 kDa proteins with large structural similarities, while Grx2 is an atypical Grx of 24 kDa. In spite of the structural similarities, Grx1 and Grx3 have a 35 mV difference in redox potential (A Ê slund et al., 1997) , and display different ef®ciencies in the reduction of RR and glutathione-containing mixed disul®des.
NMR structures of Grx1 in the reduced (Sodano et al., 1991) and oxidized form (Xia et al., 1992) as well as in complexes with glutathione (Grx1-SG, Bushweller et al., 1994) and a 25 residue peptide from ribonucleotide reductase (Grx1-B1, Berardi & Bushweller, 1999) have been determined. While the glutathione binding mode in Grx1-SG is similar to Grx3-SG, the peptide binding in Grx1-B1 is fundamentally different. The B1 peptide does not bind as an intermolecular b-bridge to the loop containing the conserved cis proline (the``cis-Pro loop'') in this structure, as is usually found for peptide binding in the thioredoxin superfamily. Instead peptide binding results in burial of the Grx1-peptide disul®de, thus promoting the intra-molecular reaction required for complete reduction of the peptide dis-ul®de. The Grx1 structures clearly show that only small structural changes accompany the redox reactions. Slight reorientation of the active-site helix was observed upon complex formation, while the fate of individual side-chains was dif®cult to deduce due to the conformational variability in the oxidized and reduced form structures. Structures of reduced (Sun et al., 1998) and glutathione mixed disul®de (Yang et al., 1998) forms of human Grx have also been determined by NMR spectroscopy. As for Grx1, the difference between the structure in the reduced form and the complex is very small. The same feature has been found for other redox active enzymes that share the glutaredoxin fold. The thioredoxin structure has been determined in the reduced and oxidized forms (Holmgren et al., 1975; Jeng et al., 1994; Katti et al., 1990; Qin et al., 1994; Saarinen et al., 1995; Weichsel et al., 1996) as well as in Trx-peptide mixed disulphides (Qin et al., 1995 (Qin et al., , 1996 . The structure of DsbA is also known in both reduced (Guddat et al., 1998; Schirra et al., 1998) and oxidized (Guddat et al., 1998) forms. The overall structural similarity between these enzymes in their different redox states underscores the in¯u-ence of subtle changes in structure on the redox properties. This demonstrates the importance of accurate and precise structures of both the free enzymes and the corresponding complexes in order to understand biological activity in atomic detail.
We have previously determined a high precision NMR structure of a Grx3-glutathione mixed disul®de, trapped by a Cys to Ser mutation of the more C-terminal active-site Cys, and identi®ed a number of well-de®ned interactions between Grx3 and the covalently bound glutathione (Nordstrand et al., 1999a) . The current report concerns the NMR structure of the internally oxidized form of this protein, which is determined to equally high precision, allowing a detailed comparision to the Grx3-SG complex. Signi®cant conformational changes in the active site are discussed in terms of their in¯uence on both redox properties and substrate speci®city.
Results

Structure determination
The wild-type E. coli Grx3 contains three cysteine residues. Two of these form the active site cysteine pair, Cys11 and Cys14, and the third is a single cysteine, Cys65. This non-active site cysteine has been shown to have no signi®cant in¯uence on the activity of Grx3 (Nordstrand et al., 1999a) but could lead to unwanted dimerization, and was for the structure determination replaced with tyrosine by site-directed mutagenesis. The structure of Grx3-SG, which was previously determined (Nordstrand et al., 1999a) , used the same replacement for Cys65, which facilitates comparisons between the two forms.
The structure calculation was based on 1046 non-redundant distance restraints derived from integrated cross peaks in NOESY spectra (Table 1) . In addition, 318 torsion angle restraints derived from the analysis of intraresidual and sequential distance restraints and coupling constants ( 3 J HNHa , 3 J HaHb , 3 J NHb and 3 J C H Hb ) using the FOUND algorithm (Gu È ntert et al., 1998) , implemented in the DYANA program (Gu È ntert et al., 1997) , were also included in the calculations. By this analysis, 18 stereospeci®c assignments of b-methylene protons with non-degenerate chemical shifts were identi®ed. Using the``glomsa'' routine in the program DYANA additional stereospeci®c assignments were obtained and a total of 49 stereospeci®c assignments were used in the ®nal structure calculation.
A ®nal set of 20 conformers from the DYANA calculations with target functions <0.73 A Ê 2 and low residual restraint violations were selected for restrained energy minimization using the program OPAL (Luginbu È hl et al., 1996) .
Description of the NMR structure
The RMSD to the mean structure of all backbone atoms (residues 1 to 82; N, C a , C H ) of the 20 energy minimized conformers of oxidized Grx3 is 0.57 (AE0.11) A Ê . The corresponding number for all heavy atoms is 0.97 (AE0.09) A Ê . In a Ramachandran plot, 83 % of the non-glycine residues have backbone torsion angles in the allowed regions, 15 % in the additionally allowed regions and 2 % in the generously allowed regions. No residue has f and c angles in the disallowed regions of the Ramachandran plot.
The structure of Grx3 in the oxidized form is similar to the previously determined Grx3-SG (Nordstrand et al., 1999a) . The secondary structure is essentially the same as in Grx3-SG, with four b strands forming a central mixed b sheet (residues 2 to 7, 29 to 33, 54 to 58 and 60 to 63),¯anked by three a helices (residues 11 to 25, 37 to 48, 64 to 74). The short C-terminal helix was found to be a 3 10 helix, involving residues 77 to 81, in 11 of the 20 conformers, and a regular a helix, involving residues 77 to 82, in the remaining nine conformers. In the NMR structure of Grx-SG, a majority of the conformers have a regular a helix at the C terminus, and a smaller fraction (5/20) contains the 3 10 helix. As in Grx-SG, a cis peptide bond between Val52 and Pro53 was identi®ed from the characteristic cross peaks involving these two residues in the NOESY spectrum. A classic b bulge involving residues 55 and 62 to 63 was found in all conformers of the Grx3 structure of the oxidized form.
The active site is located at the N terminus of helix a 1 . The disul®de bond between Cys11 and Cys14 is largely buried, exposing only slightly the sulfur atom of Cys11, while the sulfur atom of Cys14 remains completely buried. The c angle of Cys11 is well de®ned with an average value of 101 (AE6) whereas the f angle is largely dispersed among the 20 energy minimized conformers. The imprecision in f of Cys11 is a consequence of the fact that no amide proton resonance could be identi®ed for Cys11, preventing the measurement of 3 J HNHa , and the low number of NOEs to Thr10 which is located in a solvent exposed loop region. This did, however, not affect the precision of the disul®de bond, since the torsion angle w 3 is precisely de®ned with an average value of 74 (AE2) and an average distance between the C a atoms of the two cysteines of 5.1 (AE0.05) A Ê . This motif has been classi®ed as a right-handed hook (Hutchinson & Thornton, 1996) .
Comparison with the structure of the glutaredoxin 3-glutathione mixed disulfide
The RMSD between protein backbone atoms (residues 1 to 82) of the mean structure of oxidized Grx and the mean structure of Grx3-SG is 1.1 A Ê . This can be compared to the average pairwise RSMD of the same region in the 20 conformers of each structure separately, which is 0.83 A Ê in Grx3-SG and 0.83 A Ê in oxidized Grx3. The major contribution to the difference in these numbers is a signi®cant shift in position of helix a 1 (Figures 1 and  2 ), which occurs mainly along the long axis of the helix, and is most pronounced at the N terminus. The shifted position of the helix seems to affect the C-terminal end which includes Gly25 in oxidized Grx3, whereas in Grx3-SG the corresponding helix ends with Lys24. Also helix a 2 and the following loop region (ending at Thr51) is signi®cantly shifted between oxidized Grx3 and Grx3-SG (Figures 1 and 2 ). The movements of the two helices can be explained by the adaptation of Grx3 to its substrate in Grx3-SG.
A small difference in secondary structure between oxidized Grx3 and Grx3-SG is found in strand b 4 , which in a majority of the conformers of oxidized Grx3 includes residues 60 to 63 and in Grx3-SG is one residue shorter, including residues 60 to 62. However, both variants occur in each set of conformers although with different proportions; Figure 1 . Superposition of the 20 conformers of oxidized Grx3 (red) with the 20 conformers of Grx3-SG (blue) using all backbone atoms (N, C a , C H of residues 1 to 82) for alignment. The glutathione moiety is excluded from Grx3-SG. Thick lines represent mean structures of oxidized Grx3 (yellow) and Grx3-SG (turquoise), respectively. NMR Structure of Oxidized E. coli Glutaredoxin 3 notably, the structure of the oxidized Grx3 is better de®ned in this region.
In addition to the small changes in secondary structure orientation in the oxidized form compared to Grx3-SG, a few side-chains have a large average displacement, in particular Tyr13 and His15 (Figure 2 ). In Grx3-SG the Tyr13 side-chain is hydrogen-bonded via the phenolic oxygen to the amide of Asp66 in a few of the 20 conformers, and via the phenolic hydrogen to the side-chain carboxylate in a majority of the conformers. In oxidized Grx3, Tyr13 is no longer at a suitable distance for such interactions (Figure 3 ). Due to the altered position of the active-site helix, the distance between Tyr13 and Asp66 is shorter in oxidized Grx3. The w 1 rotamer position of Tyr13 in Grx3-SG that allows the side-chain of Tyr13 to pack close to the protein is sterically prevented in oxidized Grx3, and consequently the aromatic ring is directed out towards the solvent (Figure 4) . As a result, the average solvent accessible area of the Tyr13 sidechain is increased from 18 to 68 %. In addition, the side-chain of Asp66, no longer involved in a hydrogen bond in oxidized Grx3, moves from a t conformation in Grx3-SG to a g conformation in oxidized Grx3 (using nomenclature as recommended by Markley et al., 1998) . Similarly, the side-chain of His15, which is well de®ned in both oxidized Grx3 and Grx3-SG, turns away from the active site in the oxidized protein by going from a g conformation in Grx3-SG to a t conformation in oxidized Grx3 (Figure 4) .
Comparison with other oxidized glutaredoxins
Three oxidized glutaredoxin structures have been determined previously: Grx from phage T4 (PDB code 1AAZ) determined to 2.0 A Ê resolution (Eklund et al., 1992) ; pig liver Grx (PDB code 1KTE) determined to 2.2 A Ê resolution (Katti et al., 1995) ; and E. coli Grx1 (PDB code 1EGO) determined by NMR spectroscopy (Xia et al., 1992) . Despite a number of differences between these glutaredoxins, the conformation of the active site is very similar. In both crystal structures, the disul®de bonds are right-handed hooks (Hutchinson & Thornton, 1996) . In T4 Grx, the w 3 angles of the two molecules in the assymetric unit are 57 and In the NMR structure of E. coli Grx1, the disul®de bond is not precisely de®ned, but in ten out of 20 conformers the disul®de bond can be classi®ed as a right-handed hook. The similarity of the active sites in the wellde®ned Grx structures includes the backbone conformation and the direction of the side-chains (i.e. similar w 1 angle) of all residues in the active site loop. In Grx3 these are Pro12, Tyr13 and His15, while in T4 Grx the corresponding residues are Val, Tyr and Asp, in pig Grx Pro, Phe and Arg and in E. coli Grx1 Pro, Tyr and Val.
Discussion
Conformational changes upon binding of glutathione can explain low affinity for glutathione analogues Redox reactions of Grxs and related enzymes are characterized by small conformational changes, which are in general localized to the active site. This is also found in Grx3 when the structure of oxidized Grx3 is compared to Grx3-SG (Nordstrand et al., 1999a) . In Grx3-SG, a number of residues important for the interaction with glutathione were identi®ed. A detailed comparison of Grx3-SG with the oxidized form of Grx3 presented here show that slight movements of secondary structure elements occur upon binding of glutathione (Figure 1 ). Although small, these movements are suf®cient to allow a less exposed and thus presumably energetically more favorable conformation of the Tyr13 side-chain in the complex. Speci®c substrate recognition thus appears to depend on both interaction with the cis-Pro loop and the presence of the intermolecular disul®de bond which is the only link between the glutathione ligand and helix a 1 . Assuming a similar behavior in other Grxs, this could be the reason that the glutathione analogues S-methylglutathione and S-nitrosoglutathione do not seem to inhibit human Grx even at high (mM) concentrations (Srinivasan et al., 1997) . Likewise, only weak inhibition (K i 0.4-1.2 mM) by S-blocked glutathione analogues was found in Grx1 (Ho È o È g et al., 1982) . In vivo, low af®nity in Grxs for non-covalently bound glutathione should be bene®cial since the high levels of GSH in the cytosol (Gilbert, 1984) would otherwise have an inhibitory effect. The discrimination between different substrates can thus be proposed to occur in a transition state, in which the conformation of Grx resembles that of the enzyme-substrate mixed disul®de, rather than depending on tight binding of glutathione to the free enzyme.
Regulation of redox potential by the active site residues
The two residues between the active-site cysteine residues have a large impact on the redox potential, not only in Grx but also in structurally related proteins (Grauschopf et al., 1995; HuberWunderlich & Glockshuber, 1998; Joelson et al., 1990; Krause et al., 1991; Mo È ssner et al., 1998) . This effect has been attributed to the in¯uence of these residues on the pK a of the thiolate in the reduced form of the enzymes, which determines the leaving group ability of the thiolate anion (Grauschopf et al., 1995) . Attempts to exploit such a relationship in the design of enzymes with known redox potential by substituting the active site sequence of the wild-type protein to that of another member of the thioredoxin superfamily have been made (HuberWunderlich & Glockshuber, 1998; Mo È ssner et al., 1998) . These experiments show that while qualitatively in agreement with the design, such a simpli®ed model does not predict redox potential of the mutants with good precision. In particular, the correlation is poor when Grxs are considered, indicating that other factors are involved.
In Grx3, the two intervening residues in the active site are Pro and Tyr, which is the consensus sequence among Grxs. Pro is known to be an ef®-cient N-terminal helix capping residue (Richardson & Richardson, 1988) . Using the nomenclature of these authors, the ®rst residue of a helix is position N, the N-cap, which in Grx3 is Cys11. Pro has been shown to have a marked preference for position N1, which can be rationalized by the fact that it does not have an exposed amide proton for continuation of the helix in the N-terminal direction (Richardson & Richardson, 1988) . Residues Tyr or Phe on the other hand has no preference for the N2 position, and must be conserved for other reasons. Analysis of the Tyr13 side-chain in Grx3 shows that it changes from an extended, highly solvent exposed conformation in the oxidized form to a more stable arrangement in Grx3-SG. This stabilization is a consequence of ®tting glutathione in the binding site of Grx3, and includes moving helix a 1 and the loop containing Asp66 further apart, thereby providing enough space for the Tyr side-chain to pack against the protein surface (Figure 3 ). This much reduces the solvent accessible surface of the hydrophobic tyrosine side-chain (see Results). In addition, Asp66 provides stabilizing interactions for the Tyr hydroxyl by hydrogen bonding to the side-chain carboxylate and probably also to the backbone amide.
A previous X-ray crystallography study of a glutaredoxin-like DsbA mutant, H32Y (Guddat et al., 1997) gives an interesting perspective on the movements of this side-chain. While His32 in wild-type DsbA was found to be in an extended conformation in both oxidized and reduced DsbA, this side-chain was packed against the bulk of the protein in a different crystal form of DsbA, which the authors presumed resembles the enzyme with bound substrate. In contrast, the Tyr residue in the H32Y mutant was found to pack closely against the protein in all crystal forms which was attributed to a favorable interaction between the tyrosine and a phenylalanine ring, Phe36 (Guddat et al., 1997) . Therefore, a common feature of wild-type Grx and DsbA seem too emerge: in the unbound forms, a bulky residue in the active site extends from the protein into the solution. When the substrate binds, this side-chain packs against the protein, diminishing the solvent accessible area.
In this light it is interesting to note that one difference between the enzyme-substrate complexes of Grx and DsbA is the change in stability effected by burial of the bulky residue. In Grx, reduced solvent accessibility of the Tyr side-chain should stabilize Grx-SG, while burial of a more polar and potentially charged His residue in DsbA should rather destabilize the complex. This view is supported by kinetic data for DsbA, which shows that the DsbA-glutathione complex is an unstable intermediate (Zapun et al., 1993) . In DsbA, the His side-chain was shown to destabilize the oxidized form by unfavorable interaction with the helix dipole, while it interacts favorably with the Cys31 thiolate in the reduced form (Guddat et al., 1997) . In Grx3, the exposure of the aromatic ring of Tyr13 would be expected to destabilize the reduced and oxidized forms by similar amounts, while the complex would be signi®cantly stabilized.
His15 is another active site residue in which the side-chain undergoes a large movement between oxidized Grx3 and Grx3-SG (Figure 4) . His15 has been shown to in¯uence the speci®c activity of Grx3 in the glutathione-disu®de oxidoreductase assay (HED assay, Nordstrand et al., 1999b) . This effect was suggested to arise from participation of this residue in the stabilization of the Cys11 thiolate in reduced Grx3, similar to the situation in reduced DsbA (Guddat et al., 1998) . The comparison of the structures of oxidized Grx3 and Grx3-SG shows that the side-chain of His15 is capable of large amplitude motions, which could allow it to act as a base for the thiol proton of Cys14 in the Grx3-SG of the wild-type protein during oxidation.
In general, redox potential and protein stability are thermodynamically linked for the thiol-disul®de oxidoreductases (Creighton, 1986) . The effect of stabilization or destabilization of the reduced and oxidized forms as well as the enzyme-substrate complexes is to modulate the redox potentials of these proteins. The above analysis of the molecular details of Grx3 and DsbA demonstrates that the importance of the active site residues is not limited to their in¯uence on thiol pK a . Local interactions and small conformational changes in the active site modulate redox potential by affecting the stability of each of the oxidized, reduced and mixed-disulphide forms.
Materials and Methods
Sample preparation
Grx3 C65Y was prepared from E. coli cells (HMS-174 DE3) transformed with the pET-3 plasmid containing the gene for Grx3 C65Y. The cells were grown in the presence of 50 mg/ml of ampicillin. Preparation of a uniformly 15 N-labeled sample was performed as described previously (A Ê slund et al., 1994, 1996) . Material uniformly labeled with both 15 N and 13 C was prepared from cultures grown on modi®ed M9 medium in which the sole source of nitrogen and carbon were supplied as 15 N labeled ammonium sulfate and 0.02 % (w/v) 13 C glucose, respectively. The M9 medium was modi®ed to contain a supplement of vitamins and trace elements and 0.1 mM of calcium chloride. A two liter culture of this medium was induced at mid-logarithmic growth by addition of IPTG to a ®nal concentration of 0.4 mM, and harvested after an additional 12 hours of growth at a ®nal absorbance of 1.2 at 600 nm. From the resulting 3.5 g of bacterial pellet, a total of 40 mg of puri®ed Grx3 C65Y was obtained as described by Nordstrand et al. (1999b) . Unlabelled Grx3 C65Y was prepared from cultures grown on LB medium in a 15 liter fermentor, using the same puri®cation procedure as for the labeled material. The puri®ed protein was analyzed by N-terminal amino acid sequence determination, reverse phase HPLC and SDS gel electrophoresis in order to con®rm the homogeneity of the material. The puri®ed material was entirely recovered in its disul®de form, since no free thiol groups were present as determined using DTNB (5,5
H -dithio-bis(2-nitrobenzoic acid), Ellman, 1959) . The NMR samples were prepared at pH 5.5 with a 5 mM protein concentration in 5 % 2 H 2 O/95 % H 2 O. A sample in 2 H 2 O was prepared by lyophilisation of an oxidized aqueous solution of Grx3 C65Y, followed by re-dissolving the sample in 2 H 2 O.
NMR data collection
All NMR experiments were recorded at a proton frequency of 600 MHz on a Bruker DMX600 NMR spectrometer.
The following spectra were recorded to obtain sequence speci®c resonance assignments: 2QF-COSY (Bodenhausen et al., 1984; Rance et al., 1983) ; 3QF-COSY (Mu È ller et al., 1986) ; clean CITY (Briand & Ernst, 1991) with a mixing time of 80 ms; NOESY (Ernst et al., 1987) with a mixing time of 40 ms, 960 Â 4096 data points, t 1max 50 ms and t 2max 300 ms; o 1 -decoupled NOESY (Otting et al., 1990) The following coupling constants were measured: 3 J HNHa was measured by inverse Fourier transformation from the 2D NOESY spectrum in H 2 O solution (Szyperski et al., 1992) ; 3 J HaHb was measured from a small¯ip angle COSY spectrum in D 2 O solution (Aue et al., 1976; Mueller, 1987) ; 3 J NHb was estimated qualitatively from a 3D HNHB experiment (Archer et al., 1991) recorded with the 15 N labeled sample; 3 J C H Hb was estimated qualitatively from a 3D HN(CO)HB experiment (Grzesiek et al., 1992) All spectra were processed using the program PROSA , and analyzed using the program XEASY (Bartels et al., 1995) .
Structure calculations
Structure calculations were performed using the program package DYANA (version 1.5, Gu È ntert et al., 1997). Cross-peak volumes were converted to upper distance limits (2.4-5.5 A Ê ). The FOUND algorithm (Gu È ntert et al., 1998) was used to perform a gridsearch of allowed conformations using short range NOE distance restraints as well as 3 J HNHa and 3 J HaHb coupling constants to obtain angle restraints for the dihedral angles f, c and w 1 and stereospeci®c assignments for b-methylene proton pairs. A total of 200 random starting structures were subjected to 8000 steps of simulated annealing in torsion angle space, followed by 500 steps of conjugate gradient minimization. Of these, the 20 conformers with the lowest target function were immersed in a 6 A Ê water shell and subjected to 5000 steps of conjugate gradient minimization using the program OPAL (Luginbu È hl et al., 1996) . The resulting 20 energy minimized conformers were selected to represent the NMR structure of glutaredoxin 3 in its oxidized form.
Structure analysis
The analysis of secondary structure and structural motifs in Grx3 were performed using the program PRO-MOTIF (Hutchinson & Thornton, 1996) . For comparisons, the disul®des of T4 Grx (1AAZ), pig Grx (1KTE) and E. coli Grx1 (1EGO) were analyzed using the same program. The program PROCHECK (Laskowski et al., 1996) was used to examine the quality of the structure, including the Ramachandran plot appearance. Calculation of RMSD values and solvent accessible surface areas was performed using the program MOLMOL (Koradi et al., 1996) . The same program was used for preparation of all pictures.
Protein Data Bank accession number
The coordinates of the 20 energy minimized conformers of Grx3 in the oxidized form has been deposited in the RCSB Protein Data Bank, with the accession code 1FOV.
